CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM
In this report, all elevations are referenced to the North American Vertical Datum of 1988 (NAVD88). 
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Introduction
The upper basins of four streams, Abel Ditch, Edson Creek, Maurer Ditch, and Sherod Creek 1 , in the vicinity of the city of Vermilion, Erie County, Ohio, have recently undergone residential and commercial development, and more development is expected in the future. Development in the upper basins may result in increases in peak flood discharges, potentially causing increased flood damages along the downstream reaches of these streams. The Erie County Engineer and Vermilion Township officials are considering various options to mitigate downstream flood damages on the four streams. In order to assess the alternatives for flood protection, Erie County, Vermilion Township of Erie County, and the U.S. Geological Survey (USGS) initiated a cooperative study to investigate aspects of the hydrology and hydraulics of the four streams.
Description of the study area
Erie County is in north-central Ohio along the southern shore of Lake Erie (figure 1). The city of Vermilion lies in the northeastern corner of Erie County and the northwestern corner of Lorain County. The four streams of concern flow northward and drain into Lake Erie. Parts of the stream reaches have been 
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Park The areas of the most concentrated residential development in these otherwise rural, lightly populated stream basins are along State highway 60 and between Kneisel Road and State Highway 2. The Erie County Engineer expects more development to occur in future years within the four watersheds.
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Purpose and scope
This report describes methods and results of hydrologic and hydraulic analyses of Abel Ditch, Edson Creek, Maurer Ditch, and Sherod Creek. The analyses include (1) estimates of peak flood discharges corresponding to floods with recurrence intervals of 2, 5, 10, 25, 50, and 100 years and (2) determination of water-surface-elevation profiles and flood-plain boundaries corresponding to the 10-year-recurrenceinterval (10-year) flood. As part of the analyses, the 10-year flood profiles were developed along the four streams in order that local officials may assess various alternatives to mitigate flood damages.
Hydraulic analyses were done for selected reaches of the four streams studied. The downstream limit of the hydraulic analyses for Abel Ditch and Edson Creek is the Vermilion corporate boundary (along Haber Road) and the upstream limit is State Highway 2. The hydraulic analyses for Maurer Ditch and Sherod Creek were studied from their mouths (at Lake Erie) to State Highway 2.
Study methods
Data collection
Field visits were made to Erie County to collect data needed to determine stream channel roughness-coefficients (Manning's n), cross-section elevations, and hydraulic structure geometries. Drainage-basin divides for the streams, initially defined on topographic maps, were field checked for accuracy. Most of the channel and overbank cross-section elevation data for use in the hydraulic models were obtained from field surveys. In some cases, elevation data were estimated by interpolation between surveyed cross sections. For this investigation, 95 cross sections were surveyed and 34 sections were interpolated. Additionally, in a few instances, some overbank elevation data were obtained from 2-ft-contour maps supplied by the Erie County Engineer.
Geometries of 19 culverts also were surveyed. Three culverts currently in place along Kneisel Road are scheduled for replacement by the Erie County Engineer in the near future. The design plans for these new culverts were obtained from the Engineer to ensure that the hydraulic models developed for this investigation would reflect future conditions. All surveys by the USGS met or exceeded third-order vertical accuracy standards (Federal Geodetic Control Committee, 1984) and are referenced to the North American Vertical Datum of 1988 (NAVD88).
Estimation of peak flood discharge
No historical streamflow data are available for the four streams of interest in this study. The most applicable USGS flood-frequency report (Sherwood, 1993) was used to estimate peak flood discharges at selected locations along each of the four streams. This report was selected for use in this study because the basin characteristics of the four streams studied in Erie County (small basin size and varying degrees of urbanization) are similar to those for the streams used to develop multiple-regression equations in the report. Explanatory variables (drainage area, basin development factor, and average annual precipitation) were used to determine peak flood discharges having recurrence intervals of 2, 5, 10, 25, 50, and 100 years.
Drainage areas were determined by digitizing the field checked basin divides on U.S. Geological Survey 7.5-minute topographic quadrangle maps. The drainage areas of the study reaches range from 0.41 to 4.61 mi 2 . The basin development factor, a measure of the urban development within the basin, was estimated according to methods described by Sherwood (1993) . This factor is used to account for channel improvements, channel linings, storm drains, and curb-andgutter streets (Sauer and others, 1983) . Average annual precipitation was estimated using a map presented by Sherwood (1993) .
Development of water-surface profiles
The step-backwater hydraulic analysis model HEC-RAS 2.1 (U.S. Army Corps of Engineers, 1997 a-c) was used to determine steady-state water-surface profiles for each of the four streams based on the 10-year peak discharges determined in the hydrologic analyses. Input data for the models included stream crosssection and hydraulic-structure geometries, 10-year peak discharges, and roughness coefficients. The four streams have narrow channels, generally ranging from about 5 to 15 ft in width. Typically, flows in small streams may encounter rapid transitions in channel geometry, likely leading to abrupt changes in crosssectional area and conveyance between sections. To help diminish abrupt transitions of area and conveyance, the maximum distance between open-channel cross sections was held to less than 500 ft; however, the distance between sections in the models is typically much less than 500 ft.
HEC-RAS default values for expansion and contraction coefficients were used for most of the cross sections in the model. At select locations, typically upstream and downstream from hydraulic structures, default values for the coefficients were modified on the basis of engineering judgement. At structures with abrupt flow transitions, contraction-and expansion-loss coefficients were typically increased from the HEC-RAS default values to account for the additional losses.
Starting water-surface elevations for all four streams were established using the normal depth 2 (slope conveyance) option in HEC-RAS. A mainchannel slope was computed using the average of main-channel streambed elevations from two surveyed cross sections near the downstream limit of each stream reach. These main-channel slopes were assumed to approximate the respective energy slopes for the purposes of normal depth calculations.
Hydrologic analyses
Peak flood discharges having recurrence intervals of 2, 5, 10, 25, 50, and 100 years were estimated for selected locations along each stream. These estimates and the respective explanatory variables are listed in table 1. For Able Ditch and Edson Creek, the hydrologic analyses were extended beyond the downstream limit of the hydraulic analyses (Haber Road) to the mouths of the two streams.
Hydraulic analyses
All hydraulic analyses in this investigation were based on computations of one-dimensional, steady, gradually varied flow. The analyses are also based on the assumption that flow is unobstructed in all stream channels and through all hydraulic structures modeled. Flooding on each stream was initially evaluated independently of the other streams.
Values of selected hydraulic parameters used in the hydraulic models are listed in table 2. The results of the final hydraulic analyses done for this study are presented in tabular and graphical formats. Selected results of the HEC-RAS model are presented in tables 3 to 6 at the back of this report.
The locations of cross sections used in the models and the flood-boundary delineations for the stream reaches studied are shown on plate 1 in the back pocket of this report. Flood-boundary delineations were established using the computed edge-of-water stations at each cross section. The edge-of-water stations between adjacent cross sections were then connected by straight lines. In a few instances, at locations where the straight lines would cross the thalweg of the stream (near channel bends), visual interpolation was used to define the flood boundary.
Water-surface profiles corresponding to the 10-year flood are presented in figures 2 to 5 at the back of this report. These profiles show computed water-surface elevations plotted by distance from a reference location. Also depicted on the profiles are the minimum channel elevations at each cross section and the hydraulic structures.
Inspection of the water-surface profiles indicates that backwater 3 occurs on Maurer Ditch and Sherod Creek, upstream from the Conrail and the Norfolk Southern (NS) railroad embankments. Because of the amount of backwater upstream from the NS railroad, two farm-field culverts (one on Maurer Ditch and one on Sherod Creek) were completely inundated, making culvert hydraulics inapplicable at these locations. Therefore, these two culverts were treated as open-channel cross sections in the models.
When road overflow occurs at a culvert, the HEC-RAS user's manual states that the model always uses a weir-flow computation to determine the amount of flow passing over the road (U.S. Army Corps of Engineers, 1997 c). The validity of the use of this type of computation must be checked. In order for a weirflow computation to be considered valid, the road embankment must be high enough to cause the flow to pass through critical depth 4 . If the road-embankment heights are small enough, the road does not act like a weir, and a weir-flow computation is not valid. Instead, the road effectively acts as a contraction of open-channel flow. For situations in which road grades do not act like weirs, Shearman and others (1986) recommend abandoning culvert and weir hydraulics in favor of composite sections (the combination of the road and culvert cross-section geometries) to reflect pseudo-open-channel conditions.
Preliminary analyses indicated that road overflow may occur at one location on Sherod Creek and three locations on Abel Ditch. Analysis of the Sherod Creek profile indicated that flow would overtop a farm-field culvert (at river station 5187) and that the HEC-RAS weir-flow computation was appropriate at this structure. At the three locations along Abel Ditch, (river stations 0, 3044, and 5148) the road embankments were not high enough to cause weir flow to occur. Therefore, composite sections were used at these three locations to compute the water-surface profile.
Computation of overland flow
The hydraulic models developed for the 10-year floods on Abel Ditch and Sherod Creek indicate that some of the 10-year peak flood discharge escapes the main channel and adjacent flood plain and flows overland. The terrain from the NS railroad southward to State Highway 2 is relatively flat. It is within this area, on these two streams, that water was found to leave the main channel and assumed to move overland (plate 1). Preliminary analyses indicated that certain culverts on the two streams could not pass the entire peak flood discharge. An iterative process was used to determine the amount of discharge that a culvert approach cross section could convey before the computed water surface (backwater) exceeded a confining streambank elevation. The remaining portion of the total peak discharge not conveyed by the approach section is the amount of overland flow.
Analyses of the flooding along Abel Ditch indicate that some of the peak flood discharge leaves the main channel at two locations, one downstream and one upstream from Kneisel Road. In both instances, the flow is expected to move overland for some distance and then return to Abel Ditch at separate downstream locations.
Downstream from Kneisel Road, a culvert for a private driveway (river station 4624) causes enough backwater that some of the peak flood discharge leaves the main channel on the north side and flows northwest. It was determined the main channel could convey 47 ft 3 /s at the culvert's approach section (river station 4633) and that 24 ft 3 /s would leave the main channel ( fig. 6 ). The 24 ft 3 /s is expected to move overland and return to the main channel near river station 3157. The 24 ft 3 /s that leaves the main channel was subtracted from the original discharge estimates (listed in 4 The depth of flow at which the specific energy is a minimum for a given discharge (Chow, 1959 cross sections upstream from river station 4002 to river station 5154. On Sherod Creek, because of the backwater upstream from the NS railroad embankment, some flow escapes the main channel at the approach section to the NS railroad culvert (river station 5304). This flow is expected to move to the northeast, parallel to the railroad embankment, into the Maurer Ditch Basin (plate 1). The amount of discharge that leaves Sherod Creek and flows into Maurer Ditch was determined to be 106 ft 3 /s. Subsequently, all original estimates of peak flood discharge of Sherod Creek downstream from the railroad were reduced by 106 ft 3 /s.
Concurrent flooding analysis
Flooding was initially considered to occur independently at each of the streams studied. This approach was taken because of uncertainty about the timing of peak flows on each stream. Results of the independent flooding analyses, however, indicated that flooding would be worsened if peak discharges on all streams occurred concurrently. As a consequence, a separate analysis was done with the assumption that flood peaks would occur concurrently. The concurrentflooding analysis was done by means of the same steady-state step-backwater methods used for the independent analyses, with two exceptions: (1) water that spilled over the topographic divide of one stream was manually routed into the stream of the receiving drainage, and (2) adjacent streams that share a common unbroken water surface (due to backwater, for example) were rated together to approximately apportion the flow between the streams. The concurrent-flooding analysis indicated that water would spill over the Sherod Creek and the Maurer Ditch divides and that some of that water eventually would enter the Edson Creek Basin downstream from the study area. The concurrent-flooding analysis indicated that the water-surface elevations at the Sherod Creek and Maurer Ditch approach sections to the NS railroad would increase by 0.40 ft and 1.18 ft, respectively, over that determined in the independent flooding analyses. Because of the increased water depths at the approach sections, peak flows through the NS railroad culverts on Sherod Creek and Maurer Ditch are estimated to increase by 4 ft 3 /s and 11 ft 3 /s, respectively. The concurrent-flooding analysis further indicated that water entering Edson Creek over the topographic divide it shares with Maurer Ditch would not alter peak flows or water-surface elevations on Edson Creek within the study area. Water-surface profiles from the concurrent-flooding analysis are shown on figures 4 and 5 in addition to the water-surface profiles determined from the independent flooding analyses.
Summary
Hydrologic and hydraulic analyses were done for select reaches of Abel Ditch, Edson Creek, Maurer Ditch, and Sherod Creek in northeastern Vermilion Township, Erie County, Ohio. Hydrologic analyses were conducted to estimate peak flood discharges for the four streams. Hydraulic models were developed to determine water-surface profiles along the stream reaches for the 10-year-recurrence-interval (10-year) peak flood discharges.
Estimates of peak flood discharge corresponding to floods with recurrence intervals of 2, 5, 10, 25, 50, and 100 years were developed for selected locations along the four streams studied. No historical streamflow data are available for the studied streams; thus, regional regression equations were used to estimate peak flood discharges because of the main criteria involved: small drainage area and the degree of urbanization occurring within the watersheds. The explanatory variables used in the regression equations were drainage area, basin development factor, and average annual precipitation.
Hydraulic models were developed for each of the four streams based on the 10-year peak discharges established in the hydrologic analyses using the stepbackwater hydraulic analysis model HEC-RAS. Cross-sectional elevation data, hydraulic-structure geometries, and roughness coefficients were collected in the field and used as input for the models. Data for 95 open-channel cross sections and 22 hydraulic structures were collected by the USGS.
Preliminary analyses indicated that weir flow over road embankments might occur at four culverts. From further analysis, only one of the weir-flow computations was assessed to be valid. The other three culverts did not have high enough road embankments for valid weir-flow computations and were modeled using composite sections.
The analyses of the 10-year flooding for Abel Ditch and Sherod Creek indicate that some of the total peak flood discharge leaves the main channel and is assumed to move overland. Along Abel Ditch, some of the total flood flow leaves the main channel at two locations, one upstream and one downstream from Kneisel Road. After leaving the main channel, flow moves overland and then returns to the channel. On Sherod Creek upstream from the Norfolk Southern railroad, some of the total flood flow is expected to leave the main channel to the northeast. The escaping flow parallels the railroad embankment and drains into Maurer Ditch.
Results of the independent flooding analyses indicated that flooding would be worsened if all streams experienced peak flows concurrently. Due to the uncertainty about the timing of peak flows on the streams studied, a separate analysis was done with the assumption that flood peaks would occur concurrently on each of the streams studied. This concurrent-flooding analysis indicated that water would spill over the Sherod Creek and the Maurer Ditch divides with some of that water would eventually enter the Edson Creek drainage downstream of the study area. The analysis further indicated that water entering Edson Creek over the topographic divide that it shares with Maurer Ditch would not alter peak flows or water-surface elevations on Edson Creek within the study area.
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